and this region has been probed by site-specific mutagenesis. Additionally, the sites of Sec7 domain interaction on ARF1 have been mapped, by hydroxyl-radical protein footprinting, to the switch 1 and switch 2 GTPase regions. The structural and biochemical data together suggest a molecular model for the interaction between Sec7 domain exchange factors and ARF family GTPases.
Results and Discussion

Structure Determination
The Sec7 domain of human Arno is sufficient for ARF1 nucleotide exchange activity in vitro (Chardin et al., 1996) . We analyzed the domain structure of full-length Arno protein by subjecting it to limited proteolytic (subtilisin) digestion and analyzing the products by mass spectrometry and N-terminal sequencing. The results are illustrated in Figure 1A . The major subtilisin cleavage sites map to the boundaries of the Sec7 domain, and a core region (residues 60-253) is the dominant proteaseresistant product. All forms of the Sec7 domain used in this study encompass this core region and have ARF1 nucleotide-exchange activity that is comparable to that of full-length Arno.
The Sec7 domain (residues 51-256) yielded cubic crystals that diffract X-rays to at least 2.0 Å resolution in the laboratory. The crystal structure was determined by the multiple isomorphous replacement method (Table  1) as described in Experimental Procedures. The final model, comprising residues 56-246, has a crystallographic R factor of 16.6%, and a free R value of 23.1% at 2.2 Å resolution. superhelix, reminiscent of the armadillo-repeat region of (B) Ribbon representation (Kraulis, 1991) of the Sec7 domain of ␤-catenin . The superhelical topology human Arno, showing its elongated and exclusively helical fold. breaks down at ␣ helix H, which forms a bundle with ␣ From the N terminus, seven ␣ helices (labeled A-G) form a righthanded superhelix, against which the three C-terminal ␣ helices helices I and J to cap one end of the molecule. Overall, (H-J) pack. Two active site regions are colored yellow (the FG loop, the Sec7 domain is a compact, rod-shaped structure residues 151-160, and part of the H ␣ helix, residues [188] [189] [190] [191] [192] [193] [194] [195] [196] . The with a single deep surface groove (see below). N and C termini are labeled with N and C, respectively. Figure 2 documents the high level of sequence conservation among Sec7 domains across phylogeny. For example, the Sec7 domains of human Arno and yeast data bank using the program DEJAVU (Kleywegt and Sec7 proteins are 45% identical. Insertions and deleJones, 1997) revealed some topological similarity betions in the six sequences aligned in Figure 2 map to tween the superhelical region of the Sec7 domain (␣ random coil regions of the protein structure. Finally, helices A-E) and the 70-residue repeat region of anthe chemical nature of buried side chains is also highly nexin, a Ca 2ϩ /phospholipid-binding protein (Liemann conserved across the related sequences. These obserand Huber, 1997). Specifically, both subdomains form vations imply that all known Sec7 domains have the a right-handed superhelix of five ␣ helices. Sequence/ same three-dimensional structure, and subsequent disstructure comparisons between the Sec7 domain and cussions of structure and mechanism are likely to be GEFs for other Ras-related GTPases (Ras, Ran, Rho, relevant to all Sec7 domain GEFs. A large (25 residue) and Rab) did not reveal any similarity. In particular, the insertion in yeast Gea1 protein maps to the loop between Sec7 domain is unrelated in architecture to the Rab ␣ helices G and H, which is located at a significant GEF, human Mss4, a Zn 2ϩ -binding protein for which distance from the active site.
Structural Overview
the solution structure has been determined (Yu and As far as we are aware, the Sec7 domain represents a novel protein fold. A systematic search of the protein Schreiber, 1995). Figure 3 illustrates the surface features of the Sec7 domain, and highlights a distinctive groove located in a 1994). The second region that contributes to the formation of the surface groove is a central portion of ␣ helix central region of the molecule. The groove is formed from two structural elements (highlighted in yellow in H (residues 188-196), denoted block 2. Block 2 contains a set of hydrophobic amino acids and is unusual in Figure 1B ) that come close together in the three-dimensional structure. First, the loop between ␣ helices F and that many of these are significantly exposed to solvent (Val187, Phe190, Ile193, and Met194). G (residues 151-160) is the most conserved region of the Sec7 domain sequence and we denote this as block For reasons outlined below, we consider the surface groove formed by block 1 and block 2 residues to be 1 (Figure 2 ). Block 1 contains the invariant Glu156; the The amino-acid sequences of the Sec7 domains of human Arno (Chardin et al., 1996) , mouse GRP1 (Klarlund et al., 1997) , S. cerevisiae Sec7 (Achstetter et al., 1988) , Arabidopsis Emb30 (Shevell et al., 1994) , a C. elegans homolog (taken from sequence of cosmid K06H7 (Sulston et al., 1992) ) and S. cerevisiae Gea1 (Peyroche et al., 1996) . The divergent N-and C-terminal regions are not shown. Residue numbers above the sequences correspond to Arno (Chardin et al., 1996) . The secondary structure elements of the Arno Sec7 domain crystal structure are indicated by cylinders for the ten ␣ helices (labeled A-J). Residues that are invariant among the six sequences are highlighted in black; semiinvariant residues are gray. Two highly conserved regions that together form the active site are underlined and denoted block 1 (residues 151-160) and block 2 (residues 188-196). The molecular surface of the Sec7 domain is shown in two views, 180Њ apart (right-hand view is oriented approximately as in Figure  1B ). The color-coded surface shows a highly polarized distribution of conserved and solvent-exposed hydrophobic residues that is centered at the Sec7 domain active site. Residues are color-coded from 0 (white) to 1 (red), where invariant and solvent-exposed hydrophobic residues are ascribed the highest values (see Experimental Procedures). Figure was created with CCP4 and GRASP (Nicholls et al., 1991) , following the approach of Ranganathan et al. (1997) .
the active site of the Sec7 domain. A notable feature of with myristoylated human ARF1 as substrate (see Experimental Procedures). All the mutants have significantly the groove is the large number of highly conserved and hydrophobic amino acids that are presented at the surlower activity than wild-type Sec7 domain, reinforcing the view that these residues form the active site. Mutants face. This immediately suggests a role for this region in the interaction with ARF since clusters of hydrophobic R152V, R152E, and Q158N retain 10%-20% GEF activity; both of these residues project into solvent and away residues are a commonly observed structural feature of protein-protein interfaces (Janin and Chothia, 1990;  from the hydrophobic groove, and may lie at the periphery of the active site. The other three mutations target Young et al., 1994) . We analyzed the distribution of conserved and hydrophobic residues on the protein surface residues that lie closer to (G155N, E156K) or in (M194K) the hydrophobic groove, and all the mutants have lost on a more objective basis, following the approach of Ranganathan et al. (1997) . For each residue in Sec7 GEF activity. In order to confirm that loss of activity was not a result of significant changes in protein conformadomain, we calculated a parameter that measures the degree of conserved and solvent-exposed hydrophotion, we determined the crystal structures of the G155N and E156K mutant proteins and found only minor perturbicity (see Experimental Procedures). The distribution of this parameter over the protein surface reveals a striking bations localized to the sites of mutation (data not shown). Finally, residue Met194 is striking in that its polarization of conserved hydrophobicity that is centered at the active site (Figure 3) . This is the only such hydrophobic side chain projects directly into solvent, and mutation to lysine completely abolishes GEF activregion on the protein, reflecting the fact that surfaceexposed hydrophobic patches are energetically disfaity. On the basis of this evidence, we conclude that residues Gly155, Glu156, and Met194 define a core revored and thus uncommon. The analysis suggests that the Sec7 domain interacts with ARF GTPases in part gion of the active site and are likely to form direct interactions with ARF. through an extended hydrophobic surface. To test this proposal, and to confirm the location of the active site, In summary, the Sec7 domain active site comprises a central hydrophobic groove featuring numerous surwe constructed several mutants that target conserved residues in this region and examined their GEF activities. face-exposed hydrophobic residues, and an adjacent conserved loop (block 2) that is more hydrophilic and includes the essential residues, Gly155 and Glu156. Figure 4 illustrates the results of the mutagenesis analysis. We chose to mutate a set of invariant residues in Sec7 Domain-ARF1 Interactions Both full-length Arno and the Sec7 domain alone can the vicinity of the central hydrophobic groove ( Figure  4B ), selecting residue exchanges that were likely to precatalyze nucleotide exchange on myristoylated ARF1 in the presence of phospholipid vesicles. Intriguingly, serve the overall protein structure. Active-site mutants R152V, R152E, G155N, E156K (corresponding to the de-N-myristoylation and phospholipids are both absolutely required in this process (Chardin et al., 1996) . In the ficient emb30 allele [Shevell et al., 1994] ) and Q158A are from block 1, while M194K is from block 2 (Figure 2) .
Analysis of the Active Site
absence of phospholipids, the Sec7 domain (and fulllength Arno) can however promote nucleotide exchange The GEF activities of the mutants were then assayed phospholipids, is required before the Sec7 domain can act on ARF. This property is interesting since in vivo it may provide an additional mechanism for the regulation of ARF activation, by making phospholipid membrane an essential cofactor in the GEF reaction. From a practical point of view, the discovery that GEF catalysis can be uncoupled from a membrane requirement using [⌬1-17]ARF1 provides a system that is more amenable to the biochemical characterization of the exchange-factor mechanism.
On this basis, we used the [⌬1-17]ARF1 mutant to investigate the GTPase sites that are contacted by the Sec7 domain, using hydroxyl-radical protein footprinting methodology (Heyduk and Heyduk, 1994; . Our approach for footprinting involved four steps (see Experimental Procedures). First, we 32 Plabeled [⌬1-17]ARF1 on an engineered C-terminal site. Second, we subjected the 32 P-labeled GTPase to hydroxyl-radical-mediated cleavage in both the presence and absence of Arno Sec7 domain. Third, we separated the cleavage products by denaturing PAGE and analyzed the resulting autoradiograms. Finally, we interpreted the pattern of cleavage protection by Sec7 domain in the context of the crystal structure coordinates of ARF1 (Amor et al., 1994 ; entry 1HUR in the Brookhaven Protein Data Bank). The results of the footprinting study are presented in Figure 5 . The reaction was performed under conditions in which the GTPase/GEF complex is the major species in solution . Two regions of the [⌬1-17]ARF1 molecule are strongly protected by the Sec7 domain, corresponding to amino acids 41-55 and 70-80 ( Figures 5A and 5B) . Importantly, these two elements come close together in the ARF1 crystal structure and map to the switch 1 and switch 2 regions ( Figure 5C ). The apparent reduction in polypeptide-backbone solvent accessibility is striking, and we propose that the Sec7 domain directly contacts these regions of ARF1.
Crystal structures of Ras have shown that switch 1 (residues 32-40) and switch 2 (residues 60-70) are critical for conformational switching between the GTP-and Quilliam et al., 1996) . Howof Arg152 (R152E, R152V) and Gln158 (Q158A; colored yellow) reever, the interpretation of the results of Ras mutagenesis sults in partial loss of activity, while mutation of Gly155 (G155N), is complicated by the difficulty in discriminating beGlu156 (E156K), and Met194 (M194K; colored red) essentially aboltween mutations that directly perturb the GTPase/GEF ishes activity. Several of the solvent-exposed hydrophobic residues interface and mutations that influence the GEF interacat the active site are shown, colored white. tion indirectly by modulating elements of the GTPase switching mechanism (discussed in Mistou et al., 1992) . efficiently on [⌬1-17]ARF1, a soluble mutant that lacks Nevertheless, several studies have clearly implicated the N-terminal 17 amino acids . Apparswitch 2 residues of Ras in a direct interaction with the ently, the myristoylated N terminus inhibits nucleotide GEFs CDC25 and Sos1 (Crechet et al., 1996 ; Quilliam exchange catalyzed by the Sec7 domain, and a conforet al., 1996). Finally, a role for switch 2 in the interaction with the Rab GEF, Mss4, has been inferred based on mational change in the N-terminal region, mediated by [⌬1-17]ARF1 was 32 P-labeled on a C-terminal site and subjected to hydroxyl-radical-mediated cleavage (see Experimental Procedures). The reaction products were separated on a 17.5% polyacrylamide tricine-SDS gel followed by autoradiography. Reactions were performed in both the absence (lanes 1, 3, and 6) and presence (lanes 2, 4, and 7) of Sec7 domain. Two major sites on ARF1 that are protected from cleavage by Sec7 domain are indicated with brackets on the left of the picture. Sites of cleavage were calibrated using standards generated by digestion of [⌬1-17]ARF1 with endoproteinases Glu-C, Lys-C, and Asp-N (lanes 8, 9, and 10, respectively). On the left is a backbone representation of nonmyristoylated human ARF1 with bound Mg 2ϩ and GDP, determined by X-ray crystallography (Amor et al., 1994 ; entry 1HUR in the Brookhaven Protein Data Bank). Backbone residues are color-coded according to the data in (B), so that regions protected from hydroxyl-radical cleavage by Sec7 domain are colored red, unaffected residues are white, and regions that are more sensitive to cleavage in the presence of Sec7 domain are blue. The N-terminal 17 residues are included in the picture (colored green), but were absent from [⌬1-17]ARF1 used in our footprinting analysis. On the right, a surface representation of Sec7 domain is shown for comparison; two critical active site residues, Glu156 and Met194, are indicated. Figure was generated with GRASP (Nicholls et al., 1991) . the conservation of switch 2 residues among Rab-family regions of GTPases and perhaps promote nucleotide exchange through a shared catalytic mechanism. GTPases (Yu and Schreiber, 1995) . These observations, together with the protein footprinting data presented in Figure 5C highlights the regions of the ARF1 molecule that are responsive to Sec7 domain binding, according this study, suggest that the switch 1 and switch 2 regions of Ras-related GTPases may be a constant feature of to the footprinting data. In addition to switch 1 and switch 2, a few other regions of ARF1 are clearly sensi-GEF-interacting surfaces. Despite their unrelated sequences, GEFs may recognize these common structural tive to complex formation, although the magnitude of the effect in these regions is lower. It is interesting to region of Sec7 domain may bind and disrupt the Mg 2ϩ -and phosphate-binding sites to promote nucleotide exnote a statistically significant increase in hydroxyl-radical cleavage susceptibility induced by the Sec7 domain change on ARF. that maps directly to the nucleotide-binding site (residues 29-33). The [⌬1-17]ARF1 protein used in our exper-
Experimental Procedures
iments has GTP bound at its active site (Randazzo et Protein Preparation and Crystallization al., 1994), and the apparent increase in polypeptideArno was cloned from a human brain cDNA library (Clontech) using backbone accessibility in this region is likely due to the PCR and the published DNA sequence (Chardin et al., 1996) , and release of nucleotide from this site upon formation of ligated to the pET15b expression vector (Novagen) using NdeI and the GTPase/GEF complex. This suggests that the nucleXhoI restriction sites. Full-length recombinant Arno protein, with a otide-binding site is vacant in the complex, in agreement hexa-histidine tag, was expressed in E. coli strain BL21(DE3)pLysS and purified to homogeneity on Ni-IMAC and Mono-Q columns with gel filtration studies , and that (Pharmacia) . To probe the domain structure of Arno, subtilisin digesresidues from Sec7 domain do not enter the guanosinetion products were analyzed by N-terminal sequencing and mass binding region of the GTPase active site. spectrometry (electrospray ionization triple-stage quadropole methodology; see Figure 1A ). The Sec7 domain was the dominant protease-resistant product, and comprised Arno residues 60-253 (meaConclusion sured molecular mass 22,382; predicted mass 22,387). The Sec7
The Sec7 domain mediates nucleotide exchange on ARF domain (residues 51-256) was cloned into pET15b and purified on Ni-IMAC resin (Pharmacia). For crystallization, the hexa-histidine in a two-step process. An interaction with membrane, brane-mediated conformational change at the N termicontaining 5% polyethylene glycol 400, 100 mM CaCl2 and 100 mM nus weakens bonds to the guanine base. Consistent HEPES (pH 7.5), before being mounted in capillary tubing. X-ray diffraction data were measured at 24ЊC on a Rigaku R-AXIS IV area with this proposal, [⌬1-17]ARF1 is found to have a higher detector, with mirror-focused CuK␣ X-rays from a rotating anode intrinsic nucleotide exchange rate than full-length myrissource. Sec7 domain crystals diffract X-rays isotropically to at least toylated ARF1 .
2.0 Å resolution. All X-ray data were processed using the DENZO Our analysis identifies the switch 1 and switch 2 package (Otwinowski and Minor, 1993) , and subsequent calculaGTPase regions as key sites for Sec7 domain interactions were performed with the CCP4 program suite (CCP4, 1994).
tion. The 26 amino acids in these regions that are footThree heavy atom derivatives were prepared by soaking crystals in 0.05-3 mM of the respective compound (Table 1 ). An initial electron printed by Sec7 domain (residues 41-55 and 70-80) are density map was calculated with data between 16 and 2.6 Å resoluinvariant among the six known human ARF proteins, tion (mean figure of merit, 0.61) and improved by density modificawith the exception of ARF6 (88% identical). Likewise, tion using DM (CCP4 suite). This allowed an unambiguous tracing the Sec7 domain active site is constructed from a set and sequence assignment of the Sec7 domain, using the program of highly conserved residues. This suggests that there O (Kleywegt and Jones, 1994) . Refinement of the model by convenis little or no specificity at the level of the ARF/Sec7-tional least-squares procedures was done with XPLOR (Brü nger, 1992) . The final refined model at 2.2 Å resolution (Table 1) hydrophobic interactions with ARF, and it is interesting to note two hydrophobic residues (Ile46 and Ile49) in
Molecular Surface Analysis
Amino acid residues in Sec7 domain were each assigned a paramethe switch 1 region of ARF1 that are exposed to solvent ter that measures the degree of conserved, solvent-exposed hydroon the protein surface ( Figure 5C with residues at the GTPase active site. In particular, index was determined from the sequence alignment (Figure 2 ) where by analogy with the crystal structure of EF-Tu.EF-Ts the index is 1 for invariant residues, 0.5 for semi-invariant residues, and 0 for nonconserved residues. Fractional solvent accessibility (Kawashima et al., 1996) , we suggest that the block 1 was calculated for each residue using RESAREA (CCP4 suite). The
